The expression of activin type II and IIB receptors and inhibin (Y-,
These effects resemble the effects of the testicular paracrine factor PmodS on Sertoli cell function.
It is concluded that activin-A is secreted by peritubular cells in. vitro and that activin-A shares a number of effects on Sertoli cell function with PmodS. (Etiocrinology 135: 759-767,1994) A CTIVINS, homo-or hetero-dimers of the inhibin PAand &,-subunit, were originally purified from ovarian follicular fluid on the basis of their ability to stimulate the synthesis and release of FSH from pituitary cells in culture (1, 2). It is currently accepted that activins also exert many other biological functions and can be regarded as cell differentiation factors (3). Recently, activin receptors (type II and IIB) with homology to serine/threonine kinases have been cloned (4, 5) . Of these receptors, activin receptor type II (ActRII) is expressed in several testicular cell types, including Sertoli cells, pachytene spermatocytes, and round spermatids (6, 7). ActRIIB is mainly expressed in Sertoli cells and Aspermatogonia (8). Therefore, activins may play an important role as para-or autocrine factors in the testis. Actually, the effects of recombinant activin-A on Sertoli cell function have been demonstrated (9, lo), and regulatory roles of activins in Leydig cell steroidogenesis (11-13) and spermatogenesis (10) have been suggested. Furthermore, the production of activin-B by Sertoli cells from testes of immature rats has been described (9), whereas the secretion of activin-A in the immature rat testis has been ascribed to Leydig cells (14) .
In this study, the production of activin and the expression of activin receptors in cultured peritubular myoid cells and newly established peritubular cell lines were examined. The effects of activin-A on Sertoli cell function were also studied in more detail and compared with the effects described for the peritubular myoid cell product PmodS (15), another testicular paracrine factor, which stimulates the secretion of androgen-binding protein (ABP), transferrin, and inhibin (16, 17) and inhibits FSH-stimulated aromatase activity (18) in rat Sertoli cells.
Materials and Methods
Isolation and culture of peritubular myoid cells 
Estimation of DNA
The DNA content of the cell lysates was determined by a fluorometric assay using 3,5diaminobenzoic acid dihydrochloride as a fluorescent dye (Aldrich-Chemie, Steinheim, Germany). Samples were neutralized with 1 N HCl. A 50-J portion of the neutralized sample was mixed with 50 gl 1.5 M 3,5diaminobenzoic acid dihydrochloride and incubated for 45 min at 60 C. Subseauentlv, 2 ml 1 N HCl was added, and the fluorescence of the sampies was measured using a Perkin-Elmer fluorimeter at wavelengths of 415 nm (excitation) and 500 nm (emission). Calf thymus DNA was used as a standard.
Results
Expression of messenger RNA (mRNA) for the inhibin subunits and activin receptors Peritubular myoid cells were isolated by method 1 and stained for alkaline phosphatase after 1, 2, and 5 days of culture in MEM-10% FCS (Fig. 1) . After 1 day of culture, approximately 40% of the cells were alkaline phosphatase positive. This increased to approximately 70% after 2 days of culture. After trypsinization on day 5 of culture, alkaline phosphatase staining was weaker, but approximately 90% of the cells were positive. In this final culture (5 days after isolation), pregnenolone was detected in the culture medium (mean + SEM, 5.4 If: 0.43 pmol/3 h; n = 6), but its level was not stimulated by the addition of LH (5.0 + 0.39 pmol/3 h; n = 6). These data indicate that some Leydig cells might be present in this preparation, but Leydig cell contamination is below 10%.
High expression of inhibin PA-subunit mRNA was found in peritubular myoid cells isolated by method 1, but not in Sertoli cells (Fig. 2) . Cultured peritubular myoid cells showed low expression of inhibin (Y-and &,-subunit mRNA compared to that in Sertoli cells (Fig. 2) . Furthermore, two ActRII transcripts (6 and 4 kb) were expressed, whereas no ActRIIB mRNA was detected in the peritubular myoid cells. ActRIIB expression was low in Sertoli cells.
In freshly isolated peritubular myoid cell preparations, expression of the inhibin PA-subunit mRNA was also found (Fig. 3) . The expression of this messenger increased after culture in MEM containing 10% fetal calf serum.
In the four different rat peritubular myoid cell lines, expression of ActRII and inhibin (Y-, PA-, and &subunit mRNA was found, as in cultured peritubular cells isolated by method 1 and 2 (Fig. 4) . In the cell line RTC 8T6, the expression of inhibin PA-subunit mRNA was low, whereas expression of &-subunit mRNA was not detected. Immortalized rat stromal prostate cells also expressed ActRII and inhibin (Y-, PA-, and &subunit mRNA.
Activin production by peritubular myoid cells
By Western blotting, a 25-kDa protein, corn&rating with recombinant activin-A, was detected in peritubular myoid cell-conditioned medium, using an antiserum raised against recombinant activin-A (cells prepared by method 1, Fig. 5 ; by method 2, not shown). Using normal rabbit serum, this protein was not stained. Upon reduction, an immunoreactive protein of 14 kDa appeared, again indicating the presence of immunoreactive activin-A. The same protein was secreted by the immortalized peritubular and prostate cells (Fig. 6) . The amount of activin-A was relatively high in those lines, where high expression of PA-subunit mRNA was found (RTC 8T1, 8T3, and 8T12), whereas low amounts of protein were found in media from RTC 8T6 and RSPC 2T. In the latter cell lines, the expression of @*-subunit was also low. The secretion of immunoreactive activin by the peritubular cell line RTC 8C was not investigated.
Secretion of bioactive activin
In an in vitro rat pituitary bioassay system we found no significant increase in FSH release with media from different peritubular cultures and peritubular cell lines. To exclude that this was due to the presence of bioactive inhibin interfering with activin, inhibin bioactivity was immunoneutral- ized. In these experiments, again, no increase in FSH release was found with the media tested, although in the same experiment the inhibiting effect of follicular fluid on FSH release was blocked. This leads to the conclusion that the actin   FIG. 3 . Expression of inhibin PA-subunit mRNA in peritubular myoid cells immediatelv after isolation (0) and after 1 dav (1) and 7 davs (7) of culture in MEM containing 10% FCS. Cells were isolated by method 1.
activin concentration in these media is below the detection limit of the assay. In the animal cap bioassay, activin-like material was demonstrated to be present in media of peritubular cells and cell lines. The strongest mesoderm induction was found with medium from the RTC 8T1 cell line. This medium also stimulated hemoglobin production in K562 cells before and after heat treatment (5 rain; 95 C). The results of these bioassays have been summarized in Table 1 .
Secretion of other inhibin-like proteins
As shown in Fig. 4 , peritubular cells expressed inhibin (Ysubunit mRNA after culture. Therefore, the amount of im- Tl  T3  T6 T12 2T  A  Tl T3 T6 T12 2T  A   S  P2  Tl  T3 T6 T12 8C munoreactive inhibin secreted by the cells was measured. No immunoreactive inhibin was detected in the culture medium. Western blotting with an antibody against N-terminal amino acid residues l-22 of the UC-subunit of 32-kDa bovine inhibin revealed the presence of a 20-kDa protein in culture medium of RTC 8Tl both before and after reduction with 2% P-mercaptoethanol (Fig. 7) . This 20-kDa protein was not 7 . Secretion of inhibin a-subunit by peritubular cells. A Western blot of conditioned medium from RTC 8T1, before (-8) and after reduction (+p) with 2% @-mercaptoethanol, is shown. Lanes 2 and 4 were stained with antiserum against N-terminal amino acid residues l-22 of the &c-subunit of 32-kDa bovine inhibin; lanes 1 and 3 were stained with serum from the same rabbit obtained before immunization (preimmune serum). The arrow indicates the 20-kDa tic-subunit.
detected by preimmune serum from the rabbit in which the antiserum was raised. The same result was obtained with media froni RTC 8T3 and RTC 8T6, whereas in medium from RTC 8T12, a small amount of the 20-kDa protein was detected after reduction only.
(not shown).
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No 2 Regulation of /IA-subunit mRNA expression in peritubular cells Discussion Figure 8 shows a representative experiment in which the peritubular myoid cells were cultured for 24 h in the presence of Sertoli cell-conditioned medium (SCCM), the synthetic androgen R1881, or (Bu),cAMP, starting 2 days after isolation. Compared to untreated peritubular myoid cells, SCCM stimulated the expression of PA-subunit mRNA (mean + SD, 200 f 38.9% of control values; n = 2). Despite the presence of androgen receptors (not shown), R1881 had no significant effect (76.3 + 21.7% of control values; n = 3), whereas (Bu),cAMP inhibited the expression of PA-subunit mRNA (46.0 + 35.8% of control values; n = 3).
Cultured peritubular myoid cells and peritubular cell lines express inhibin PA-subunit mRNA and secrete immunoreactive and bioactive activin-A. Since peritubular myoid cells and stromal prostate cells show morphological and functional similarities (32-34), it is interesting to note that activin is also secreted by immortalized stromal prostate cells, especially as activin-A has been reported as an inhibitor of the growth of the human prostatic carcinoma cell line LNCaP (35).
Expression of inhibin @*-subunit mRNA was found in peritubular cell preparations immediately after isolation. Nevertheless, it remains unclear whether peritubular myoid cells in vim do secrete activin. Several researchers investigated the expression of inhibin subunit mRNAs (7, 36) and inhibin subunit proteins (36-38) in rat testes using in situ hybridization and immunocytochemistry, but no one reported the presence of PA-subunits in peritubular myoid cells. This could be due to the flat nature of these cells and the small amount of cytoplasm in which the mRNA and protein should be localized. The low initial expression of PA-subunit mRNA increased during culture in MEM-10% FCS. This suggests that activin production in vitro may partially be a culture artifact. This raises the interesting question of whether purification of candidate testicular paracrine factors, such as PmodS, from culture medium of testicular cells provides a good model system for the interactions between testicular cells in vivo. As for activin, the secretion of PmodS by peritibular myoid cells in vivo has not been demonstrated. Expression of the inhibin PA-subunit is inhibited by (Bu)~cAMP, which could indicate that activation of this second messenger system in vivo is responsible for the low initial PA-subunit expression. A factor that could increase expression of the inhibin PA-subunit in peritubular myoid cells is transforming growth factor-p (TGFP), as it has been shown in vascular endothelial cells (39) and differentiated cell lines derived from P19 embryonal carcinoma cells (40). TGF/3 is present in serum (41), fetal calf serum (Vanderstichele, H. M. J., unpublished results), and Sertoli cell culture medium (42), of which the latter two increase expression of inhibin PA-subunit. Moreover, TGFPl increases the production of a number of radiolabeled proteins secreted by peritubular myoid cells (42).
Effects of recombinant activin-A on Sertoli function
Recombinant activin-A significantly stimulated basal and FSH-stimulated secretion of immunoreactive inhibin and transferrin by Sertoli cells obtained from testes of 21-dayold rats, The results of one representative experiment are shown in Table 2 . Similar results were obtained in two independent experiments. Combination of the data from these three experiments gave rise to the same significant differences, as indicated in Table 2 , although for transferrin, the differences were not always significant in the separate comparisons. Overall, inhibin secretion was stimulated to 157 + 14% of control values (mean f SEM; P < 0.01, by Student's t test), whereas transferrin secretion was stimulated to 113.8 & 3.8% of control values (mean f SEM; 0.02 < P < 0.05, by Student's t test). There was no effect of activin-A on the amount of Sertoli cell DNA (not shown). Sertoli cells were isolated from 21-day-old rats and incubated with the indicated hormones for 72 h. Subsequently, immunoreactive inhibin and transferrin were measured in the culture medium. Results represent the mean + SEM of one experiment with quintuplate incubations.
' Significantly different from values without activin (P < 0.01, by Student's t test).
*Significantly different from values without activin (0.02 < P < 0.05, by Student's t test).
Activin secretion by Leydig cells from immature rat testis has also been reported (14), but seems to be restricted to the first 19 days postnatally (43). In Leydig cells from 21-dayold and adult rat testes, no activin was detected (26). Therefore, it is unlikely that the activin found in the peritubular myoid cell cultures obtained from testes of 21-to 23-day-old rats using method 1 is of Leydig cell origin, although some Leydig cells might be present. Moreover, Leydig cells were removed by trypsin treatment in method 2, which was demonstrated by the absence of C,, and CZ1 steroids in the culture medium of these cells and their insensitivity to LH (44). In these cells and in the peritubular myoid cell lines, @*-subunit expression and act&in-A secretion were also found.
Despite the expression of inhibin a-subunit mRNA in peritubular myoid cells and cell lines, neither inhibin immunoreactivity nor inhibin bioactivity was detected in the culture medium. This surprising result can be explained on the basis of the results of Western blotting of peritubular myoid cell line culture medium with an antibody against amino acid residues l-22 of the cYc-subunit of bovine inhibin, in which the 20-kDa inhibin a-subunit monomer was detected. This inhibin a-subunit monomer is not recognized by the RIA used (31). In culture medium of Sertoli cells, the 20-kDa monomer is only found after reduction of the secreted proteins and is derived from 32-kDa inhibin and 29-kDa pro-&c-subunit (45). This indicates that the processing of the inhibin a-subunit in peritubular myoid cells is different from that in Sertoli and Leydig cells, as in the latter cells, pro-c-ucsubunit is also found (26).
Peritubular myoid cells and peritubular myoid cell lines also express activin receptor type II. Therefore, auto-and paracrine effects of activin on these cells can be expected. The expression of activin receptor type II in peritubular cells is comparable to that in Sertoli cells, but is much higher than the expression found in Leydig cell preparations (6).
Mesenchyme (48, 49) . Activin secretion by peritubular myoid cells might be an explanation for this phenomenon, because Sertoli cell monolayers reaggregate into tubule-like structures upon activin treatment (10). Furthermore, the secretion of ABP (33, 50-53), transferrin (33, 51, 52, 54), a2-macroglobulin, and clusterin (55) from Sertoli cells is stimulated by coculture with or conditioned medium from peritubular myoid cells, whereas Sertoli cell aromatase activity (33, 44) and production of plasminogen activator (56) are inhibited. Most of these effects are attributed to the androgen-regulated peritubular myoid cell product, PmodS (15), which stimulates the secretion of ABP, transferrin, and inhibin by Sertoli cells (16, 17) and inhibits FSH-stimulated aromatase activity in Sertoli cells from 20-day-old rats (18). PmodS has no effect on plasminogen activator activity (16), whereas effects on a*-macroglobulin and clusterin have not been documented. Recently, we demonstrated that activin inhibits FSH-stimulated aromatase activity in Sertoli cells (9). Here we show that activin-A stimulates Sertoli cell production of immunoreactive inhibin and transferrin. Stimulation of inhibin secretion by activin-A has also been demonstrated in cultured granulosa cells (57) and may be an autocrine protection mechanism against overexposure to activin.
Comparing activin-A and PmodS, it is likely that we deal with different factors. The mol wt of PmodS A (56 kDa, reducing conditions) (15) and PmodS B (59 kDa, reducing conditions) (15) are higher than the mol wt of activin-A (14 kDa, reducing conditions). Another difference is the effect on Leydig cells; activin can inhibit Leydig cell steroidogenesis (ll-13), whereas PmodS has no effect (58). Furthermore, the secretion of PmodS is stimulated by androgens (52), whereas we found no effect of the synthetic androgen R1881 on peritubular expression of the inhibin @*-subunit mRNA. Finally, the effects of activin-A on Sertoli cell transferrin production are less pronounced than the effects of PmodS. However, the present results indicate that a number of effects of peritubular myoid cell-conditioned medium that have been ascribed to PmodS may also be partially due to the presence of activin-A in this medium. From this point of view, it would be interesting to study the effects of activin-A on the secretion of ABP, plasminogen activator, a2-macroglobulin, and clusterin by Sertoli cells, as peritubular myoid cells affect these parameters.
In conclusion, activin-A secretion by peritubular myoid cells and immortalized peritubular and stromal prostate cells in vitro was demonstrated in this study. Activin-A shares some effects on Sertoli cell function with the testicular paracrine factor PmodS: it inhibits FSH-stimulated aromatase activity and stimulates inhibin and transferrin secretion. However, activin secretion does not seem to be regulated by androgens, and the characteristics of both substances are dissimilar. We, therefore, conclude that peritubular myoid cell-derived activin-A has PmodS-like effects on Sertoli cells, but is not identical to PmodS. 
